The effect of a proximal coronary artery stenosis on transmural myocardial blood flow during exercise was studied in nine dogs with electromagnetic flowmeter probes and hydraulic occluders on the left circumflex coronary artery. Regional myocardial blood flow at rest and during treadmill exercise was estimated with radioactive microspheres 7-10 j»m in diameter. Exercise studies were performed during unrestricted coronary artery inflow (control exercise) and during partial inflation of the occluder to a level which did not reduce flow at rest but which limited the increase in flow during exercise to 66 ± 6% (mild restriction) or 44 ± 3% (severe restriction) of the value during control exercise. Mean myocardial blood flow at rest was 0.94 ± 0.06 rnl/min per g of myocardium and in-creased to 2.45 ± 0.15 ml/min per g during control exercise, with uniform distribution across the wall of the left ventricle. Flow to the subepicardial myocardium was significantly greater during exercise in the presence of a mild restriction than during control exercise, whereas flow to deeper layers of myocardium was progressively decreased below the control level. A similar pattern of redistribution of flow occurred during exercise in the presence of a severe restriction, but flow to all transmural layers was below that during mild restriction, resulting in more marked subendocardial underperfusion. Thus, exercise in the presence of stenosis resulted in transmural redistribution of myocardial blood flow with subendocardial underperfusion in proportion to the degree of restriction of coronary artery inflow.
Distribution of Myocardial Blood Flow in the Exercising Dog with Restricted Coronary Artery Inflow
SUMMARY The effect of a proximal coronary artery stenosis on transmural myocardial blood flow during exercise was studied in nine dogs with electromagnetic flowmeter probes and hydraulic occluders on the left circumflex coronary artery. Regional myocardial blood flow at rest and during treadmill exercise was estimated with radioactive microspheres 7-10 j»m in diameter. Exercise studies were performed during unrestricted coronary artery inflow (control exercise) and during partial inflation of the occluder to a level which did not reduce flow at rest but which limited the increase in flow during exercise to 66 ± 6% (mild restriction) or 44 ± 3% (severe restriction) of the value during control exercise. Mean myocardial blood flow at rest was 0.94 ± 0.06 rnl/min per g of myocardium and in-creased to 2.45 ± 0.15 ml/min per g during control exercise, with uniform distribution across the wall of the left ventricle. Flow to the subepicardial myocardium was significantly greater during exercise in the presence of a mild restriction than during control exercise, whereas flow to deeper layers of myocardium was progressively decreased below the control level. A similar pattern of redistribution of flow occurred during exercise in the presence of a severe restriction, but flow to all transmural layers was below that during mild restriction, resulting in more marked subendocardial underperfusion. Thus, exercise in the presence of stenosis resulted in transmural redistribution of myocardial blood flow with subendocardial underperfusion in proportion to the degree of restriction of coronary artery inflow.
IN THE presence of occlusive coronary artery disease patients who have normal electrocardiograms at rest may develop S-T segment depression during exercise, often in association with chest pain. This electrocardiographic change suggests that in these patients exercise may result in selective ischemia of the subendocardial myocardium. 1 Previous experimental studies in animals have demonstrated that in contrast to the uniform left ventricular perfusion that exists during unimpeded coronary artery inflow, transmural redistribution of flow may occur during restricted inflow. Thus, in open-chest dogs reduction of coronary inflow below the metabolic requirements of the myocardium resulted in transmural redistribution of myocardial blood flow with preferential underperfusion of the subendocardial myocardium. 2 " 6 In patients with occlusive coronary artery disease, arterial inflow at rest may be adequate and transmural distribution uniform, but because arterial inflow is unable to increase adequately during exercise a similar redistribution of myocardial blood flow may occur with preferential underperfusion of the subendocardial myocardium. The present study was an attempt to determine whether, in an experimental model with a flow-limiting proximal coronary artery stenosis, exercise could result in the proposed redistribution of myocardial blood flow.
Methods
Nine adult mongrel dogs weighing 22-34 kg were anesthetized with sodium thiamylal (30 40 mg/kg) and ventilated with a Harvard respirator. A left thoracotomy was performed in the fourth intercostal space. A heparin-filled polyvinyl chloride catheter, outside diameter (o.d.), 3.0 mm, was inserted into the root of the aorta via the left internal thoracic artery. A similar catheter was inserted into the left atrial cavity via the atrial appendage and secured with a purse-string suture. The proximal 1.5 cm of the circumflex branch of the left coronary artery was dissected free and a Statham ST-type electromagnetic flowmeter probe was positioned around the vessel proximal to any branches. Care was taken to attain mechanical stability of the flow probe on the coronary artery to ensure a consistently stable baseline during later coronary flow measurements. 6 An inflatable cuff-type hydraulic occluder constructed in our laboratory of polyvinyl chloride tubing (o.d., 2.7 mm) was placed around the circumflex coronary artery distal to the electromagnetic flowmeter probe. 7 Injection of water into the occluder tubing with a tuberculin syringe allowed precisely controlled partial inflation of the occluder to cause reproducible restriction of coronary artery inflow. The electromagnetic flowmeter leads, aortic and left atrial catheters, and hydraulic occluder tube were tunneled dorsally into a subcutaneous pouch at the base of the neck but were not exteriorized to protect them from damage. Seven to 10 days after surgery, exercise training was begun on a Quinton model 1849-D motor-driven treadmill. Studies were performed 10-17 days later. At the time of study all dogs were afebrile and free from any evidence of ill health.
On the day of the study, the catheters and flowmeter leads were exteriorized from the subcutaneous pouch; 2% lidocaine infiltration anesthesia was used. The aortic catheter was attached to a Statham P37Db pressure transducer mounted on the dog's side and to a polyethylene tube connected to a Harvard model 1210 constant rate withdrawal pump. The left atrial catheter was connected via a stiff polyethylene tube to a Statham P23Db pressure transducer mounted on the treadmill cage at the level of the left atrium. The electromagnetic flowmeter leads were connected to a Statham model M-4000 flowmeter for measurement of flow through the circumflex coronary artery. Throughout this report, the phrase "coronary flow" will denote measurements of flow through the circumflex branch of the left coronary artery. Flowmeter calibrations, performed by passing measured flows of normal saline through the flowmeter probes, remained within 1 SD of not more than ±7% before and after the studies were performed. Phasic and mean aortic pressures, mean left atrial pressure, and coronary flow were recorded with a Hewlett-Packard model 8800 direct-writing oscillograph and a Hewlett-Packard model 3917-A eight-channel magnetic tape recorder. To measure regional myocardial blood flow, we used four serial injections of carbonized microspheres 7-10 urn in diameter (3M Co.) with gamma-emitting radionuclides I41 Ce, 51 Cr, 85 Sr, or 46 Sc, as previously described. 8 The microspheres were diluted in 10% low molecular weight dextran so that 1.5 ml, the volume injected, contained approximately 3 million microspheres. Serial injections of this quantity of microspheres resulted in no measurable change in heart rate, blood pressure, or coronary flow in the dogs included in this study. Prior to each injection the microspheres were mixed by alternate agitation for at least 30 minutes in an ultrasonic bath and Vortex agitator. Complete dispersion of microspheres was verified by microscopic examination of a drop of the suspension. During each intervention, 1.5 ml of the microsphere suspension were injected into the left atrial catheter and flushed in with 10 ml of isotonic saline. Each injection was administered over a 15-second interval. Beginning simultaneously with each microsphere injection, we withdrew a reference sample of arterial blood from the aortic catheter at a constant rate of 15.0 ml/min for 90 seconds, using a withdrawal pump.
Measurements of hemodynamic variables and regional myocardial blood flow were made during resting conditions with the animal standing quietly on the treadmill. Before any measurements were made during exercise, the dogs performed two warm-up periods, each of 5 minutes' duration, at the same level of exercise as used during the subsequent studies. Subsequently, measurements were obtained during three identical periods of a treadmill exercise at 6 miles per hour and 5% grade. During the control exercise period the hydraulic occluder was completely deflated to allow unimpeded coronary artery inflow. During the intervention termed "severe restriction" the hydraulic occluder was inflated to a degree which did not reduce coronary flow measurements obtained with the electromagnetic flowmeter at rest, but which permitted flow during exercise to increase to a level only 6-27% above the resting level. Coronary flow was restricted to this level throughout the exercise period. During the intervention termed "mild restriction" the occluder was less completely inflated to allow flow during exercise to increase to a level 64-110% above the resting level. Coronary blood flow measured with the electromagnetic flowmeter was monitored continuously throughout each exercise period. Measurements of regional myocardial blood flow were made by injection of microspheres beginning 90 seconds after the onset of exercise during each of the three periods.
At the conclusion of each exercise period, a 2-to 3-second complete coronary artery occlusion was performed to check the zero flow baseline. The occluder was then completely deflated and the dogs were allowed to rest on the treadmill until hemodynamic variables had returned to previous resting values before the next exercise period was begun. The sequence in which exercise interventions were performed was randomized and a 15-to 20-minute interval of rest was allowed between interventions. Hematocrits measured during the first and third exercise interventions in each dog ranged from 36% to 48% (mean = 42%) and did not vary appreciably. It is probable that this lack of hematocrit change was found because any hemoconcentration resulting from exercise had occurred during the warm-up periods prior to the actual study.
At the completion of the study the dogs were anesthetized with sodium thiamylal and killed with a lethal dose of potassium chloride. The heart was removed and placed in 10% buffered formalin for a 3-day period to facilitate sectioning. The atrial tissue, right ventricle, pericardium, aorta, and large surface vessels were dissected from the left ventricle. The left ventricle then was sectioned into four regions representing posterior left ventricular free wall, posterior papillary muscle region, anterior free wall, and anterior papillary muscle region. 8 Since injections of methylene blue into the circumflex coronary artery resulted in myocardial staining within a distribution encompassing the posterior free wall and posterior papillary muscle regions, these specimens served as the regions under study during restricted coronary artery inflow; the corresponding anterior wall and anterior papillary muscle specimens served as controls. Each specimen was subdivided into four transmural layers of equal thickness from epicardium to endocardium and weighed, and the layers were placed in vials for counting. The transmural layers were designated layers I to 4, layer 1 being closest to the epicardium and layer 4 closest to the endocardium.
The myocardial and blood reference samples were counted in a Beckman model 167776 gamma spectrometer at window settings selected to correspond to the peak energies for each radionuclide. The counts per minute recorded in each window were corrected for background activity and overlapping counts of the accompanying isotopes by a digital computer. To compute blood flow (ml/min) to each sample, we used the formula, F m = F r • C m /C r , where F m = sample blood flow (ml/min), F r = reference flow (ml/min), C m = counts/min of each sample of myocardium, and C r = counts/min of reference blood sample. Blood flow to each specimen was divided by the sample weight and expressed as ml/min per g of myocardium.
Heart rate, mean arterial and left atrial pressure, and coronary flow were measured directly from the recordings. For phasic coronary blood flow measurements we used a Hewlett-Packard model 8815-A electrical integrator. Systolic flow per beat was found by integration of the phasic coronary flow signal during the interval from the beginning of the upstroke of aortic pressure to the dicrotic notch; diastolic coronary flow corresponded to the interval extending from the dicrotic notch to the upstroke of aortic pressure VOL. 38, No. 2, FEBRUARY 1976 
Results
Mean hemodynamic data from nine dogs are summarized in Table 1 . Individual heart rates during exercise were 192-276 beats/min and did not vary significantly during the three exercise periods (P > 0.1). Mean aortic pressure increased significantly, comparing rest to exercise (P < 0.01), but did not vary significantly during the three exercise periods. Mean left atrial pressure increased significantly, comparing rest to the control exercise period (P < 0.05). An additional significant increase in left atrial pressure occurred during exercise with severe restriction of coronary flow (P < 0.01). Left circumflex coronary artery flow increased from 26.4 ± 1.0 ml/min at rest to 69.5 ± 4.7 ml/min during the control exercise period. Coronary flow during exercise with mild restriction of inflow was 66 ± 6% of that during control exercise, while coronary flow during the period of severe restriction was 44 ± 3% of the control exercise value.
As shown in Table 2 , during resting control conditions 15 ± 1% of flow occurred during systole (range = 9-19%). Control exercise resulted in no change in total coronary flow per beat, but flow during systole was significantly increased to 32 ± 3% of total inflow (range = 22-46%; P < 0.01).
During exercise in the presence of a mild coronary artery restriction, flow in diastole was 48 ± 7% below that during the control exercise period (P < 0.01), whereas systolic flow was not significantly changed. This selective decrease in diastolic flow resulted in a further significant increase in the relative portion of flow during systole to 44 ± 2% of the total flow (range = 35-49%; P < 0.05). During exercise with severe restriction of coronary flow, both systolic and diastolic flows were decreased equally below values observed during mild restriction so that no further change occurred in the relative portion of flow in systole.
Left ventricular myocardial blood flow to the four transmural layers measured at rest and during the control exercise period are shown in Figure I . Mean myocardial blood flow at rest was 0.94 ± 0.06 ml/min per g and subendocardial flow exceeded subepicardial flow in all four regions studied. Subendocardial to subepicardial (endo/epi) flow ratios for layer 4 to layer I flows ranged from 1.08 to 1.29 and were significantly greater than 1.00 (P < 0.05) in all except the posterior papillary muscle region (Table 3) . During the control exercise period with unimpeded coronary artery inflow, mean myocardial blood flow increased to 2.45 ± 0.15 ml/min per g, while the gradient of flow favoring the subendocardial myocardium was abolished in all regions except the anterior papillary muscle region (Table 3 ). In no region was the endo/epi ratio significantly less than 1.00.
In Figure 2 , mean myocardial blood flows measured during exercise in the presence of mild restriction of left circumflex coronary artery inflow are compared with the corresponding flows obtained during the control exercise period. In the anterior free wall and anterior papillary muscle regions myocardial blood flow was not significantly different from that measured during the control exercise period. In contrast to these control regions, in the posterior free wall and posterior papillary muscle regions marked redistribution of myocardial blood flow occurred, producing a transmural gradient of flow which decreased from epicardium to endocardium. In the posterior wall, blood flow to layer I (2.57 ± 0.23 ml/min per g) was significantly increased above that measured during control exercise (2.29 ±0.18 ml/min per g; P < 0.02), while flow to layer 2 (2.21 ± 0.20 ml/min per g) was not significantly different from control exercise (2.52 ± 0.20 ml/min per g; P > 0.1). In contrast to this, flows to layers 3 (1.64 ±0.18 ml/min per g) and 4 (1.22 ± 0.29 ml/min per g) were significantly decreased below the corresponding values measured during the control exercise period (P < 0.01). Similarly, in the posterior papillary muscle region there was a gradient of blood flow across the wall of the left ventricle with flow to layer. 1 (2.73 ± 0.22 ml/min per g) significantly greater than that during control exercise (2.45 ±0.17 ml/min per g; P < 0.01), while flows to layers 2-4 were significantly and progressively decreased (P < 0.05) below values observed during control exercise (Fig. 2 ). Statistical analysis of blood flow to adjacent transmural myocardial layers during mild coronary artery restriction demonstrated a significant decrease of flow in each layer from epicardium to endocardium in both the posterior free wall and posterior papillary muscle regions (P < 0.05). This redistribution of myocardial blood flow resulted in a decrease of endo/epi ratios to 0.47 in the posterior free wall and 0.28 in the posterior papillary muscle region (Table 3 ). Figure 3 is a comparison of mean myocardial blood flow during exercise in the presence of a severe coronary artery stenosis and the corresponding regional blood flows measured during the control exercise period. In the anterior free wall and anterior papillary muscle regions, blood flow during exercise with severe restriction of coronary inflow was not significantly different from that measured during 
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Tabulation of endocardial (layer 4) to epicardial (layer I) flow ratios of each region of the left ventricle at rest and during treadmill exercise with unimpeded coronary artery inflow (control exercise), and during exercise with mild and severe restriction of coronary artery inflow. P values are for ratios significantly different from 1.00.
• P < 0.05. t/> < 0.01. . 38, No. 2, FEBRUARY 1976 control exercise. In both the posterior free wall and posterior papillary muscle regions, redistribution of myocardial blood flow occurred with a progressive decrease in flow from epicardium to endocardium. In the posterior free wall, blood flow to layer I (1.96 ± 0.16 ml/min per g) was significantly decreased from that measured during control exercise (2.29 ± 0 . 1 8 ml/min per g; P < 0.05). Blood flow to layers 2-4 was markedly and progressively decreased below the corresponding values measured during the control exercise period (P < 0.01). In the posterior papillary muscle region, blood flow to layer 1 (1.52 ± 0.20 ml/min per g) was significantly decreased below that measured during control exercise (P < 0.05). Further significant progressive decreases in blood flow occurred from layer 2 (0.85 ± 0.13 ml/min per g) to layer 4 (0.34 ± 0.09 ml/min per g; P < 0.01). Analysis of endo/epi flow ratios demonstrated significantly more severe underperfusion of the subendocardium during severe restriction of inflow than during mild restriction (P < 0.01) ( Table 3 ). Figure 4 is a comparison of regional myocardial blood flow during exercise in the presence of mild and severe coronary artery restrictions in the posterior free wall and posterior papillary muscle regions. In both the posterior wall and posterior papillary muscle regions myocardial blood flow to all four transmural layers was significantly lower during severe coronary artery restriction than during mild restriction (P < 0.05).
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Discussion
In the open-chest dog mechanical or thermal injury to the left ventricular endocardium, or injury produced by subendocardial injection of concentrated potassium chloride solution, results in S-T segment elevation in the electrogram recorded from the injured endocardial surface, whereas S-T segment depression is observed on recordings from the overlying epicardial surface. 9 duration, Hellerstein and Katz" demonstrated that "pressure injury," resulting from pressure applied to the endocardial surface with a rigid probe sufficient to deform the left ventricular wall, produced S-T depression in the electrogram recorded from the overlying epicardial surface, and that this S-T depression was reversible, the S-T segment returning to normal within seconds to minutes after the pressure was removed. Because these experimental studies indicated that injury confined to the subendocardial myocardium produced S-T depression in the electrogram recorded from the overlying surface, it was deduced that the S-T depression occurring during exercise in patients with coronary artery stenosis resulted from ischemia localized to the subendocardial myocardium. 1 No direct measurements of the distribution of myocardial blood flow during exercise in the presence of a proximal flow-limiting coronary artery stenosis have been previously available, however. Consequently, our study was made to evaluate the transmural distribution of myocardial blood flow that results when a proximal coronary artery stenosis limits the increase in arterial inflow that can occur in response to exercise.
Because the contracting myocardium impedes transmural myocardial blood flow during systole, perfusion of the subendocardial myocardium occurs principally during diastole. 13 Consequently, the uniform transmural myocardial blood flow that exists in both the resting awake dog and the open-chest dog depends on coronary vascular resistance that is lower in the subendocardium than in the subepicardium during diastole. 14 Tachycardia, by shortening the period of diastolic perfusion, might be expected to compromise perfusion of the subendocardial myocardium. However, Buckberg and associates, 15 using radionuclide-labeled microspheres 8-10/im in diameter to measure blood flow in open-chest dogs, found that although the mean rate of myocardial blood now increased during pacing-induced tachycardia, uniform transmural distribution of myocardial blood flow was generally maintained at paced rates up to 275 beats/min. Similarly, Neill and associates, 16 using microspheres 15 ± 5 fim in diameter in closed-chest dogs, found only a modest redistribution of transmural flow away from the endocardium during tachycardia. Thus, at a heart rate of 71 beats/min, the endo/epi flow ratio was 1.32; this ratio fell to 1.11 during atrial pacing at 193 beats/min. Nevertheless, even at the higher rate, subendocardial flow exceeded subepicardial flow.
In a previous study from our laboratory, the transmural distribution of myocardial blood flow was measured during exercise-induced tachycardia in dogs with unrestricted coronary artery inflow. 17 Three levels of graded treadmill exercise were performed to increase mean heart rates to 140, 190, and 240 beats/min while regional myocardial blood flow was measured with microspheres of 7-10 /im. Mean myocardial blood flow increased linearly with heart rate, and at all levels of exercise subendocardial flow was maintained equal to or greater than subepicardial flow. Thus, at a heart rate of 240 beats/min, mean myocardial blood flow increased to 270% above the resting level while transmural flow remained uniform (endo/epi = 0.98). In the present study, exercise with unrestricted coronary inflow resulted in no change in total coronary blood flow per beat, but the systolic portion of flow increased from 15 ± 2% of total inflow at rest to 32 ± 3% of the total flow during the control exercise period. This finding is similar to the previous report of Khouri et al. 18 that in two dogs systolic flow increased from 17% and 19% of total coronary inflow at rest to 29% and 50% of total flow during treadmill exercise. Since cardiac contraction impedes flow into the subendocardium during systole, this increase in absolute flow during systole appeared to result largely from vasodilation in the subepicardial areas where perfusion can occur during systole. Nevertheless, even though exercise abbreviated the interval of diastolic perfusion and increased the relative portion of flow in systole, the vascular resistance gradient favoring perfusion of the subendocardium during diastole was sufficient to maintain subendocardial flow equal to or greater than subepicardial flow.
In contrast to the uniform transmural distribution of myocardial blood flow observed with unrestricted coronary artery inflow, Moir and DeBra 3 and Griggs and Nakamura* found that reduction of coronary inflow by selectively lowering coronary perfusion pressure in open-chest dogs did not result in uniform reduction of flow across the wall of the left ventricle. Rather, flow tended to be maintained in the subepicardial myocardium while in the subendocardium flow was diminished and biochemical signs of ischemia appeared. 3 " 5 19 Schaper et al. 20 and Flameng et al. 21 evaluated myocardial blood flow during pharmacological coronary vasodilation in dogs in which growth of intercoronary collateral channels had been stimulated by placement of an Ameroid constrictor on the left circumflex coronary artery. During control conditions both total arterial inflow and transmural distribution of flow were normal in the collateral-dependent areas. When peripheral coronary vasodilation was produced by administration of lidoflazine or dipyridamole, however, the collateral vessels became flow-limiting so that flow to the collateral-dependent area was unable to increase as much as in the normally perfused areas: in this situation transmural redistribution of flow occurred with the endo/epi flow ratio in the collateraldependent area falling from 1.34 during control conditions to 0.69 during coronary vasodilation. In the present study, when the capacity for delivery of arterial blood was limited by a proximal coronary artery stenosis, arterial inflow could not increase normally during exercise, and exercise-induced coronary vasodilation resulted in a similar transmural redistribution of flow away from the subendocardium. These studies indicate that when arterial inflow cannot meet the demands of the peripheral coronary vasculature for blood, transmural redistribution of myocardial blood flow may occur, resulting in selective underperfusion of the subendocardium.
Several mechanisms may have contributed to the transmural redistribution of flow that occurred during exercise in the presence of a flow-limiting coronary artery stenosis. The presence of a coronary stenosis altered the phasic nature of coronary flow to increase the relative portion of flow in systole. As demonstrated by Gould et al. 22 and Lipscomb and Gould, 23 blood flow is dependent on both the resistance offered by a proximal arterial stenosis and by distal vascular resistance. Thus, a stenosis that markedly impairs high levels of flow may have little effect at low flow velocities. This is of especial interest in the coronary circulation because the phasic changes in coronary vascular resistance that accompany each heart beat may influence the relative importance of a proximal stenosis. Thus, when distal vascular resistance is lowest (in diastole) the stenosis may limit maximum possible flow rates, while in systole (when distal vascular resistance is increased by myocardial compression of the intramural coronary vasculature) the stenosis will assume relatively less importance. This was exemplified in our study by the response of flow to exercise in the presence of a mild coronary artery constriction. Thus, the mild coronary artery constriction limited flow rates and total inflow during diastole, but had relatively little effect upon flow during systole when peripheral coronary resistance was higher. This resulted in a change in the pattern of phasic coronary flow, with flow in systole increasing from 32 ± 3% during control exercise to 44 ± 2% during exercise with mild restriction of inflow. This relative increase in the systolic portion of coronary flow would be expected to favor blood flow to the subepicardium where perfusion may occur during cardiac contraction, thus directly reducing subendocardial perfusion. In addition, it is likely that when flow was prevented from increasing normally during exercise, the resultant myocardial ischemia produced coronary vasodilation that abolished the normal transmural gradient of vascular resistance favoring perfusion of the subendocardium during diastole, so that the systolic perfusion gradient favoring the subepicardial myocardium was uncompensated. During the more severe level of coronary artery constriction, flow to all transmural layers was reduced below that during mild restriction, so that the slopes of the lines relating flow to the depth of the muscle layer were similar during the two levels of restriction. The similarity of these slopes suggests that even during mild restriction maximal coronary VOL. 38, No. 2, FEBRUARY 1976 vasodilation had occurred. Thus, further reduction of inflow did not alter the pattern of transmural distribution, but merely causeti uniform further reduction of flow to all transmural layers.
It is of interest that during exercise with mild restriction of coronary inflow, flow to the myocardial layer closest to the epicardium in the area perfused by the circumflex coronary artery was actually higher than it was during the control exercise period. It is possible that in this area ischemia resulted in depression of contractile function in the deeper layers of myocardium, with a resultant compensatory increase of the work of the epicardial layer and a consequent increased requirement for arterial inflow. This would be analogous to the finding by Howe and Winbury 24 that acute occlusion of the left anterior descending coronary artery in pigs resulted in increased nutritional flow to the area of left ventricle perfused by the circumflex coronary artery. Presumably this occurred because there was an increase in the work load of the nonischemic area due to loss of contractile activity in the ischemic area.
Attempts at obtaining both epicardial electrograms and body surface electrocardiograms during exercise were unsuccessful in the present study because of motion artifact associated with exercise. Therefore, in the absence of electrocardiographic or metabolic data the question of whether the observed subendocardial underperfusion resulted in significant ischemia cannot definitively be answered. However, it was observed that during exercise in the presence of the severe level of coronary artery constriction, left atrial pressure was significantly higher than it was during the control exercise period. This finding suggests that at least during the severe level of restriction ischemic depression of left ventricular function did occur.
The results of the present study provide insight into the transmural distribution of myocardial blood flow that occurs when a coronary artery stenosis that causes no disturbance to flow at rest becomes flow-limiting during exercise. The selective underperfusion of the subendocardial myocardium that was observed correlates well with the electrocardiographic evidence of subendocardial ischemia which may appear during exercise in patients with occlusive coronary artery disease. It should be emphasized, however, that the coronary physiology in the animals used in our study may not be directly comparable to that in coronary artery disease of humans, in whom chronic coronary artery stenosis may cause the development of intercoronary collateral vasculature that was not present in the animals used in this study.
